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An ana1yei.s hats been made of the characteristics of 

several c o o l i n g  cyclea suita3le fop cockpit cooling of super- 

sonic  aircraft. All the cycles  coneiaered u-f;Llize the dif- 

ference between d y n m c  a33 ien t  statLc pressure to 

actuate the  coal ing sgsten! and requi re  no adCitLonal power 

source . 
The results of the s t u d y  in?.icate that as flight speeds 

becone greater, increasingly complex system are required 

t o  reduce the ven t i l a t ing  &I? to t o l e rab le  temperatures. 

At altitudes above a3pm~d.matelg 35,OGO f e e t ,  a syeten 

comyosed of an extemzlI.$ loaded axpanaion tul-blne In 

conjunction with a supersonic dlfluser woul& mLnta3-n 

tolerable v e n t i l a t i n g  air temperatures, at least us to a 

F l i G k t  ISach nwber  of 2, The nogt  complex system cozsfderea, 

comsosed o f  a coqvets8or,  intercooler, anC expansion  turbine 

wtth the intercooler cooling air decreased In teuperatwe 

by expansfon through an auxXUary turbine 3,s capable OP 

maintl.i_nLng EL v m t i l a t i n g  air tenperatwe less  than ambient 

tmperature up t o  a f1lgh.t; Xuc& rmw&er of 3.7. The preceding 
- - 
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results f o r  bo th  systems are predicated on a cocait pressuro 

equal  t o  ambient s ta t ic  pressure. 

It i s  possible that similar systms can be devised which 
, . .  ' .  

-dl1 a l low opera t lon  of ran-actuated cooling cycles wi%h the 

coclq?it pressurized, with, however, aaded systen components 

r equ i r ed  i n  the rorm of add i t iona l  heat eschengcre and turbines.  

It i s  general ly  reallzec that t h e  problom of  r;aintainfng 

hab i t ab le  cocLpit t e z q c r e b r e s  ia afq3ltmes .designed f o r  

supersonic f l ight  r d l 1  bc? I l iTf icu l t . :  The nzccssity of 

cooling the p i l o t  l a  c o r q x t r k o n t  has a r i s e n  in t h e  operation 

of high-epee& sqbsonic airplanes. The problem ~dll naturally 

becorao mt?ch more acuto as aircrcft  apacds aro Lncrcasod 

throw$ the transonic and i n t o  t he  supersonic a p e d  range. 

Thc cooling problem in supcrsonJc a i r c x f t ;  i t r i e e a ,  in 

j?art, f rom t h e  near-stagnation terqjeraturea a t t a i n e d   i n  the 

acceleration o f  ambient air t o  v e l o c i t i e s  approa&Ang that of 

the ailplane which p reva i l  in the boundary laxer. I n  e f f ec t ,  

the ai;._ulane i s  surrouzdeZ 3y a thin layer of a i r  at  tempera- 

turea ap-)roaching stagnstion value.   .Solar r a d i a t i o n  i n t o  t h e  

cockpit through thc canopy a r f i t h e  d i s s i p a t i o n  of heat by the 

p i l o t  and by e lec t rZca l  a22aratus f u r t h e r  adCa t o  the  cooling 

load. In add i t ion ,  the entering ventilating air v h l c h  i s  at 

s t a g m t f o n  .t;emperature must be l-.edt?ced in temperature b e f o r e  

a d m i t t a c e  to 'She cockpit. - 
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A r e f r ige ra t ion  cycle utklizing atmospheric a i r  as the 

working nedj-rrm i s  cur ren t ly  being emglqe5. a0 a. means of 

enclosure.coolL.ng. This cyc le  uses a i r  that has previously 

been compressed by the main eng ine  cogpressor or by a cabin 

supercharger. The l:i@--2ressure high-tenperatwe a i r  is 

then cooled  in an intercooler  and expanded th rough a turbine 

t o  +,he enclosizre  preesure. 

At supersonic . f l fgh t  speck, the   pressure rlse occurring 

f rom the  aaabatic acce le ra t ion  or' the  ventilatfng air becomes 

of  large enaug.h mgnitt lde that i t  m3 be p o s s i b l e   t o  utilize 

tne enerT-T of the r~crt-cozlpressed a3.2 to operate a r e r r ige ra -  

tion cycle as we'll as f o r  gressur iz ing  the e n ~ l o a t l r e ~  

It is the  purFoee of this report to e m i n e   t h e   c h a r a c t e r -  

istic~ of several cooling cycles,_whici? a r e  actuated by the 

d i f fe rence  bet;wen dymmio or r a m  pressure  m d  ambient statio 

pressure,  and t o  present the   r e su l t s  of t h e  analysis i n  as 

generzl  a canner as possible. No pre f i c t ions  have been made 

concerning the magnitude of ths enclosure cooling loads as 

this factor  is dependent upon encl08ure s i z e ,  constructional 

Betails, amount of insulat ion employed, etc. Likewise, d e t d l s  

of turbine and COXIpPeSSOiq speeds, sizes, types, have not 

been Nscussed i n  th i s  preliminmy repor t .  
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The following symbols a r e  used  throughout the r e p o r t :  

s p e c i f i c  heat of air at constanf;‘ p ressure  assumed 

constant  a t  0.2% Btu per  pound, OF 

in te rcoole i -   cool ing   e f fec t ivenese ,  dimensionless 

horsepower 

mechanical equivalent  of  heat (77g f t - lb/Btu)  

iiach number, dimensionlesg 

s tkgnat ion  pressure, pounas per square f o o t  

h e a t   a b s t r a c t e d  from air by I n t e r c o o l e r ,  Btu per second 

absolute s tagnat lon  temperature (OF f ‘1-59.7) 
weigl t  flow r a t e  of v e n t i l a t i n g  air, pounds  per eecond 

weight f l o w  ra$e of i n t e r o o o l e r  cooling air, pounds 

per  second 

a d i a b a t i c  shaft e f f iu i ency ,  dimonerionless 

d u c t   e f f l c i e n c y ,   d i n e n s i o n l e ~ ~  

ra t io  of  speoific heats of a i r  (assumed constant  at 1.40) 

Subscr ip ts  

a,b a r b i t r a r y  stations immediately upstream and downstream, 

r e spec t ive ly ,  f rora component under cons idera t ion  

C cornpresgor 

i i d e a l  o r  t h e o r e t i c a l  

0 f r e e  stream 

t tu rb ine  
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s t a t i o n s  ale indicated in f igure  I 

Five systems b v e  been analyzed, O f  these  flve, four 

a re  simple variations of the first basic systen (Systen I) 

which cor;l,prises a supersonic diffuser and expansion turbine. 

In thLs basic systen, the a i r  i s  docelerated to zero  ve loc i ty  

(relative to the airplane) i n  t;hc Ciffuser and expanded f rom 

the resulta2t hi.gh pressure throu@ a tmbinc t o  t h e  pressure 

of  t h e  porfion of the a i rp l ane  bekng cooled - the enclosure. 
The turbinc work is absorbed by am external loat!- such as an 

electrical generator, hydraulic pump, or sfmilar piace of 

equipment. 

Systea'II i s  identical with Sgsten 1 except for the 

adai t ion of a hea t  exc:-xm@;cr between the CLffuscr and turbino. 

The hmt exchanger employs an Lnterm-l coolfng rnedLurn, t h e  is, 

fuel ,  liquid oxygen, or s o l i d  C02 as the  c o o l a n t .  Thc turbine 

work i s  absorbed by  an ex3crnal loa& as in System I. 

Systeni IIL employs the turbine work t o  drive a conpressor. 

The compressor i s  located dowzletream from the a f f u s e r  and 

increases the vant f la t ing  afr pregsure above the- value of the - ye 1. 

Lr s)' 
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final. d i f fuse r  a i r  presswe. An air-to-air In te rcooler  00018 

the  air a f t e r  compression and before it i s  expanded through the 

turbine to the enclosure  pressure.' 

System I V  is ident ical .  with Sys-Len I31 except that t h e  

in te rcooler   uses  an i n t e r n a l  cooling medium r a t h e r  than free- 

stream air as a coo1ar.t;. 

System V is sidlar t o  System 1x1 with, however, the  

addition of a second t u r b k e  which reduoes the  temperature of 

the i n t e r c o o l e p  cooling air. This secondmy  turbine is 1Urectl.y 

connected wLth tke main turbine-compreseor gysten BO that i t s  

work is delivered t o  the compressor. A schematic d3.agra.m of 

the five eysteme i s  shovn i n  figure 1, 

* .  

For a31 systems analyzecl, the simplifyifig assunstion I s  

made that the 3ressure drop  of the air in gaseing through a 

heat exchanper is negl igiblo in comparison r d t h  the pres~lure  

r i s e  in the di f fuser  (and compressor when employed) and the 

p r e m u r e  drop of  'the air in passing through the expansion 

turbine. The accuracy of  this assumpt3on is dependent upon 

the s i z e  and geometry of the h e a t  exchanger and tho validity 

of the aswmptlon incpeases as the flight Iinch nurnbor increaaee.  

Constant 'valuee of spec i f i c  heats o r  a3.r a r e  also assunod, 

The air'is'assuncd t o  be dry so that oondonsat ion efr 'octs are 

absent. , .  " ,  , .  . . - . I. 

The ge'noral r e l a t ion8  employed i n  the'analyeia of the 

systems 'are" as fo l lowe ;  

.. 

, 
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decelcratlon of air f r o g  an L n i t i a l  I-fa& number Ha 

zero ve loc i ty  is given by 

to 

The adiabatic (not necessarlly isentropic) tempcra- 

tu rc  r a t i o  under the same condLtions i s  

Equatfcm (I) and (2)  m ~ y  be derived (reference 1) from 
" 

considsraSion of t h e  perfect gaa Lav,  the general energy 

cquzi;fon, sand t h e  c q x t l o n  f o r  sonic velocity in a perfect  

a c t u a l  stagria.tion Tresswe 'rise obtained in t;nz duct to the 

i l leai  ksentro2ic stagriation pressurs rise obtained f o r  the 

same w t r a c c  Zkch =umber. Thus, 

thcrc is o b t a i n o d  

Thc f n t e r c o o l e r  cooling effectiveness e is defined, in 

the  usual wnnez, a'$ the ratio of the temperature &op of the 
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v e n t i l a t i n g  air i n  passing through thc coolor t o  tho ini t fa l  

teaporaturc difference bctwecn the vent i la t ing  a i r  and tho 

cooling air. 

In equation ( 5 ) ,  c c  ;% the ad.Labat3.c shaft ef f ic iency  

dsfined a8 tho r a t i o  of the isentropic temperature r i s o  to the 

actual temperature r i g c  of the atr Soy. t l~c-com$reesor  prosmro 

r a t i o .  In equation ( 6 ) ,  Et is s imi l a r ly  defined as the 

r a t i o  of the  ac tua l  d r o p  i n  temperature emerienced by the  air 

a B  it  drops in pi-eseure passing through the turb lne  t o  the 

idea l  i s en t rop ic  temperature drop it vould experience f o r  

the same turbine pressure ratio. 

The horsepower required to &rive a compressor is given by 

and W e  horsepower delivered.-by a -turbine is - 



9 

The heat  abstracted f rom the air by a11 internally cooled 

hea t  exchanger ts 

Q = 'If CD I (Ta %) ( 9 )  

which may be rearrangod, in t e rns  of the  tem;>eratu,-e r a t f o  

of  the air in passing through thc coo le r  to 

The general achene'af analysis is t o  coubine, suitably 
.. -- 

for each s;xste;;I, the p r c c c a n g  gene ra l   . r eh t ionsMps  in order 

t o  o b t a i n  thc  r a t i o  o f  cncloaui-c temperature t o  a b i e n t  

a t a t i c  t c n p r a t u r o  i n . t c m s  of t h e   f l i g h t  ibch number, the 

r a t i o  of enclosure static prcssum to free-stream s t a t f c  

prcssurc and t h o  eff ic iency of .  the s y e t m  components. 
B dctaklcd analysis of each of  the f ive  systens 1s 

prcscntcd.in Appendix A, 
DI S C U S S I O ~ ~  

For d l  systems, thc? f i n a l  tenpcraturc r a t i o  and the 

m o u n t  of enclosure pressurization t h a t  can be obtained is 

WpcnScnt upon t h c  efficiency with which t h e  a f f u s e r  cbnverts 

the- free-stream l r ine t io  cncrgy to s t a t i c  pressure. Avail- 

able quantitlvc information on the pcrfomczrlce of supersonic 

diffusers i s  ncegcr. I n  reference 2, X m t r & i t z  and 

Dondfison have proscntod i? ncthod f o r  t k e  design o f  reversed 

Dciztval nozzle-type diffusers and, in add i t ion ,  have  obtained 

t e s t  data over  EL limited rmgc of Ihck numbers t o  check t h e i r  

analysis, 'zhc h t n  of reference 2 wa8 used i n  this rcporf; 

3: 
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It i R  shown, in referonce 2, that it is impossible t o  obtain 

a shock-free deceleration through the s o n i c  ve loc i ty  i n  a. dif- 

fuse r  of this type and that an unavoidable 106s i n  t o t a l  

prescure through the n o d i u  of a normal compression shock mst 

resu l t  f o r  the f l o w  t o  be stable.  This l o s s  inorcases  with 

t h a  entrance 1iach number. The data of Kantrowitz and Donaldaon 

were used i n  t M G  r epor t  f o r  ca lcu la t ing  diffu~cr e f f i c i e n c i e s .  

The procedure used i n  detomnining "kc di f fuser  e f f i C i Q n C i C S  

us ed herein w a s  BB follows : The m a x i m  diffuser cf rfci ency 

f o r  a given entranco o r  flight I-lach number was c d c u h t c d  by 

the metho6 of r e f e r e m e  2. This theoret ical .  maximn o f f i c i ency  

was then mult i2 l icd  by a f a c t o r ,  0.93, t o  obtain an c f f i c fcncy  

closely  corresponding to t h e  bes t  t e s t  oPficZcnci.c.a obtained 

by Kan'crowitz anB Donddson, It ie worthy of no tc  that, for 

a f ixed  g a o x t r y  diffuser, the naxirauc o f f i c ioncy  occurs only  

at tho dcG3.p Xach mIiiber. In this report ,  it is aseumcd 

that the  optimum d i f fuser  is usca for each f l i g h t  Hach number. 

Flguro 2 shows the di f fuga-  e f f i c i e n c i e s  used i n  this repor t  

aa ca2culated. by tho prccoding nethod.  

In ordor to v i m a l i z o  the  magnitude of the stagnation 

temgcraturcs which occur as a r e s u l t  of  the  a c c e l e r a t i o n  of 

ventilating air ,  figuro 3 has been prepared.  Flgurc 3 i s  

darivcZc from equst ion (21, and S ~ O W E I  thc  stagnation temperature 

as a function or altitudct and I-Iach nuubcr assuming N U B  
! 
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standai-d air propertfes. (See  referenoe 3 . )  
The rmxinum degree df enclosure  pressurizatfon obtain- 

ab le  fpom fliE;ht rag, shown In figure 4, was ca lcu lc ted  by 

meane of equation (4) u s i n g   a f f u s e r   e f f i c i e n c i e s  taken from 

f i g u r e  2. Constant  preesure l ines  f o r  severa l  effective 

enclosure altitudes a r e  a l s o  shown i n  flgupe 4. The lower 

limit of the curves was taken a t  30,000 f e e t  altitude, s ince  

it l s  unl ike ly  Vast prolonged 8gzpersonic P l i g h t  would be 

undertaken below %hi6 altitude. The cool ing systens  discussed 

here in  would- operate l e s s  effectavely as the enclosure 

pressure  inc;lleaaed ana wouLd not operate if the enclosure 

were maintained at  t h e  m a x i m - m  possible ran pressure.  It 
is probable, however, thzt systens of this type could be 

C e v i a e d  which ~ r o u l d  a l l o w  almost couplete ram pressurization 

to be utiU,zeC and s t i l l  na in ta in  t h e  Bystem effect iveness ,  

with, however, the  a&dition of more pleces of equipent  - 
turbines, heat exchangers,  etc. 

it i s  wizortunate that the equations f o r  the temperature 

r a t i o  across each system do not lend  themselves to p l o t t i n g  

i n  t e r a s  of nond imens fod  o r  dimensfonal groups of var iab les ,  

so that the e f f e c t  of a change in e f f i c i ency  of a system 

component i s  imEedfately apparent. In order t o  calculate 

t h e  perromance of the  syEcten ft is necessary t o  assume 
values f c r  each of the  com2onent e f f i c i enc ie s .  The f 0 l l O T - i -  

ing numericay values vcrc used f o r  6UbStitUtiOn in t he  equa- 

t i o n  for the tamperature r a t i o  across each  system: - 
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1, Dif fuser ' e f f ic iency ,  taken fror!l f i g u r e  2 

2. Turbine ad-iabatlc eff ic iency,  0.g 

3 .  Compressor adiaba t ic  efficiency, 0.7 

4. Air-to-air intercooler c o o ~ - n g  effect iveness ,  0.9 

The cnc1oaur.e was assumed to be unpyessurized, hence t h o  

encloeure prcssm-e waa taLen as equal +;o ambient s t a t i c  p e 6 m r e .  

It i s  thought t h a t  the above values approximato  the 

maldmua e f f i c i enc ie s  that are  pcractlcally obtainable, consider- 

ing the probable snall  s i z c  of t ha '  equipment. The seemingly 

high value of i n t e r c o o l e r  offectivcness a r i s e s  from tho  fact 

that the high m m  2iqessu17ds allow the use of  multipass (and 

hence high cfTectivencss! hea t  exchangers. 

The performance of System I is shown i n  f i g u r e  5. The 

p d r t i n e g t  p o i n t  concer,aing t h i s  sy tcn  is t h a t  the final 

temperature r a t i o  i s  a l w a y s  greater than unity, that i s ,  the 

enter ing  Ven t i l a t ing  ail? teinpcrature is alw&ya h l & e r  than  

f ree-s t ream  s ta t ic  temperature, -owing t o  energy losses in the 

&if'~'us er m d  turbine.  

The tenpera ture  r a t i o  of  the air after p e a a g e  through 

System I1 i s  a h o m  in f igu re  6 .  I n  figure 6, the  parameter . . .. 

&/WC+O represents- . the . f ract ion 02 . t h e  i n l t i a b  total  heat " - 

content of the mblnnt  air that i a  mmovted by t h e  fntornal 

o o o l e r ,  This saria'i;le is e function of the ef'fectiveness of 

the in te rna l ly   cooled  heat exc-bnger as well SLB the l o v e s t  

teuperature obtcinable  from the  cooling nedlun.: ' From figure 6 ,  
it is apparent that i f  a s u i t a b l e  cooling medium can be 

- 

- 



employed, it is g i s i b l e  to obta in  very low outlet temperam 

tu res  from this system. 

The detercinatfon of t h e   c h a r a c t e r i s t i c s  of System I11 

involves ,  as noted i n  the apgendix, the graphical solution of 

equations (A9)  and ( U O )  in order t o  determine the compressor 

pressure ratio valuee f o r  subsequent s u b s t i t u t i o n  i n t o  squa- 

t l o n  (Ag). The vaXues of t h e  compressor pressure r a t i o  

d e t s m i m d  i n  t h e  foregoing manner a r c  shown in figure 7. 
The perfo1Y:ance of tho system as represented by the final. 

t e m p r a t m e  ratio or' the ventilating air is presentea  i n  

f igure  g i  It ia noted that this systea is capable of main- 

t a i n i n g  a system outlet t e n p e r a w e  less than free-strean 

statfc tomperaturc up to a T l i g h t  IInch number of approximately 

1.7. 
Tho pcrformanoc of System IV f e  depondent upon t h e  amount 

of hea t  abstracted from the air by the internal. cooler ,  a8 in 

Sys'ccn 11. The conprsssor pressure ratios obtained from a 

graphical BolutSon of equations (Al3) and (Al4) are ehovn i n  

f i g u r e  9 .  The >rcss*me ratios decmase rapidly as hoat is 

abs t r ac t ed  by the internal .  cooler due to t h e  decrcaiod 

turbine work avEtila3lc with the l o a o r  t-arbine Ltnlet tempera- 

tures.  The final over-all t e n p r a t u m  ratio across the system 

is shom i n  figure 10. It nay ba socn from this figure that 

the final ten3eraturo ratio i s  Cctornincd by tho  amount of  

heat abs t rac tcd  by the i n t e r n a l  cooler and that tho system 

i s  sens i t i ve  t o  changes i n  f l i g h t  I-Iach number since a slight 
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change i n  fhch number increases t he   f i na l   t empera tu re  ram0 
considerably . 

The d e t e m i n a t i o n  o f  the perfornance of  S y s t a ~  V i g  

coraplicatod by t h e  presence of tho a u x i l i a r y  cooling tu rb ino  

that decreasos t h e  temperature of the cooling a i r  before i t a  

passage through- the i n t e r c o o l e r .  It becomes neccssary t o  

assume va lues  for t h e  aass flow rat3.o of i n t e r c o o l e r  cooling 

ai.r t o  v c n t i l z t i n g  a i r ,  aB nay be seen f rom an examina%ion of 

e q u a t i o n ( U 8 ) .  Ir_ urder t o  ob ta ln  the sygtgrir_ temperature 

ratio as represented  bz equation (Aln it  was necessary t o  

solve,  graphically, equ~ati .2ns ( U g )  and ( u 3 )  for values  of  

the cornprcssor prosswe Patio. The .nIgLe-Pical. values obtained 

a m  shown i n  f i g u r e  -11. From a cone ide ra t fon  o f  figures 11 and 

12,  it i s  cv idcn t   t lmt ' t he  compressor p r e s s w e  ratios Secone 

ext.remel:r 11L.c$1 et lia.c!b numbcrs groat:er than 2.5 f o r  a value 

of T P / Y  o f  2. It will be noted thz-t t h e e o  ~ r e s s u r e  ratioa 

are considerably himcr than  thoseobtaincd in System 111 

and I V ,  due t o  t h e  added work 2ct into t he  compressor by t h e  

auxlltary turbine. The euxi l ia ry  tu rb ine  perToma two 

beneficial func t ions  - i t  increases the  vork  a v a i l a b l e  t o  

drin t h c  .aonprcsaor- &;id, hcnco, inorcascs the  pressure  r a t i o  

acros8 tilt nain t z rb fnz ,  and it providcG cold  exhaust a i r  to 

c o o l  tlnc prlrnzy ventilating air. 

The f ina l  v c n t ~ l a ~ ~ - ~ l ~ - t e ~ ~ ? a t u r e  r a t i o  8CT068 System 

V is shown 3.3 f igure 12 ,  ":?e perfori;litncc o f  this syston Bhom 

a marked decrease in over-all t e n p m t u i - e  ratio coriqarod t o  

0 

.. . 



tho auxiliary turbine. From figure 12  it is seen that I for 

WE, or e q a L  t o ,  ambient static. temperature up . to  ,a Ilach 

nmber-oof 3.7. The added performnce Of' this system is, of 

should not bc con~laercd t h e  miur,f1;1u1il obt'dnablc with any type 

of diffuser. It is quite possible that diffusers can be 

designod rJi?ic,i: will hcve perfornanccs superior to tho simple 



reversed  Delaval-nozzle  type  discussed. 

Systems,  such as those described in thls repor t ,  vrhich 

t&e f r e e  stream air and pass 1%- tlmough a cooling  cycle con- 

tribute drag t o  the   a i rplane by v i r t u e  o f  the d i f fe rence  i n  

momentum between the  ELir taken i n t o ,  and that discharged from, 

the airplane.  Thus, the  choice OF a par t icu lar  system vi11 
* ,  

depend upon the system drag chexac ter i s t ics  a6 rre2.l as upon 

the   i n t e rna l   e f f i c i ency  o f  the i n s t n l l a t i o n .  The drag 

produced by a system i s  greatly dependent upon the size cad 

not possible t o  d r m r  specific  conclusiona concerning the  drag 

of the several  syetems  discussed  herein. Horrever, it ie 

qqjarent  that coolkng. ~ y s t e m s  tlwt h,uldle r e l c t i v e l y  l e rge  

amounts o f  cooling a r  such ag Systems 111 and V w i l l  have 
unfavorzble drag cha rac t e r l s t i ce  it m a y  be necessary t o  

” 

reduce the heat-exchanger  effectiveness i n  order t o  e l in innto  

exceBsive  pressure drops on the  cool ing s.ir side.   Detailed 

computations  requlred t o  design an optirnm  sygten would r equ i r e ,  

as a s t a r t i n g   p o l n t ,  speci$’ications  concerning flight speeds, 

a l t i t u d e s ,  and cooling load, and hence have no% been  uriiertaken 

i n  this gene rd   r epor t .  

The high ven t i l a t lng  and boundary-layer-air  temseraturea 

attained at supersonic   veloci t ies  will probably require use of 

t o  be flown. 

0 



actuated coolingrsl,'stems disclqses th t  these syaterns m,?y, 

f rom a stmcTpoint of cool ing performance,  be suitable f o r  the  

cooling of aircraft o r  missiles operating at aupersonic 

velocities. The operat.lon of d-1 the systems depends upon 

the difference in pres su re .be tmen  the enclosure or cockpit 

~ . n 6  the r m  pressures due to the   ve loc i ty  of  the a f r c r d t .  

X s y s t e s  (System V) c o n p s e d  of a supersonic dlffuecr, a 

compressor, intercoolcr ,  md tr-ro expns ion   t u rb ines  appears 

promising, from a cool ing  s tandpoint ,  in view o f  the fact that 

the idea l  performance of the system i .ndicates a sys ten  

o u t l e t  temperature less than anbient static temperatwe up 

to a f l i gh t  Each  nuabcr of 3.7, provided the enclosure 1s 

maintafned a t  mbiont  s t a t t c  pressure. 

Approved: 



For this basic eystom, equations (2 )  I ( 4 ) ,  and ( 6 )  a m  

i1 4- 
Y-f. 

2 
.__ 



Thc powor nvnil,.cblc from thc tu rb inc ,  whick i s  absorbca by an external load, *+  

I 

Bystsm 11 

Tho ovcr-all f ina l  temporotura ratio acrom thc syetcm i B  givon by, 

i 

F 
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'I 

It will bo notoa thct cquntion (M) contain6  tho tcrm Pa/P1, the aomprcrteor l-4 

prCssUrC ra t io .  This tom my bo  climimtoa by oquating  thc  cxprosaions f o r  comprcssor G- 

and turbino powers s inco  dl of tho  t u r b h c  powor is dcl ivcroa  t o  tho comprcseor. 

a 

P? 
I' , - 

Honco, &on oquntions ( 7 )  and ( 8 )  a r o  oquatod ana thc  resultant cxprossion i s  solvod a 
3 

(n T1 ) 
s , c C ' t  

w Y 

Valuce of t h o  tcrm Tl/T3 i n  oquat ion  (Ag) ,  arc  obtninoa from thc follow- 

i n g  oxprcseion wh~ch i s  acrivcd rron oquntion (5) and tho cxprcsston for  in tor -  

coolor cffcctivonoaa, 



E 
1 

ru 
N 

" C  J J  

To obtaln valuas of the tcrm P2/P1 f o r  eubs t i tu t ion  into oquatlon (a), 
d graphlc,?l ainultmoous s o l u t i o n  of oquations (A9 ) and (i!JO) . is mado, Vzlues 

of the tcrm P,/P, mny bc choeon for any degree o f  enclosure prcesur izz t ion  

&sired, 

systm LV' 

Thc f ina l  tcapernturc ratio ncrocs tho. systcm is, 

. .. I 
. . .  
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The un l~ lown  compressor prcesuro m t l o  pa /P, , i n  oquat ion (AU), 16 a e t c w n c a  

i n  t h e  B ~ O  manner ns f o r  Byetom 111. The rceu l t ing  oquatione involving P,/Pp, mo 

W 
ru 
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. . . . . . , , 

Equations ( B Y )  ma ( ~ 2 4 )  arc  stnultnnaously solved f o r  VCLLUOB of P ~ / R  

whloh arc  aubsoquontly  subati tutcd In to  cquatlon (Al2).  It will bc  notcd that 

I n   t h i s  sytem, an additional indcpcnacnt  variable &/WapTo Is Introauccd. This 

virriablc i a  aatcrrJZncd by thc mount  of hcnt  a5atrnctcd from the air by tho in t c r -  

coolor  h a  mag bo La,rbltrrIly clioson t o  y i c l a   t hc  dcslrod f i n d  tenperatme ratio. 

Systom V 
I 

Tho mnlya la  o f  "311s systom i s  s i m l h r  t o  act o f  Syston I11 cxcopt that 

thc  intorcoolor  oquation must b o  modified as the cooling a i r  I s  now precooloti 

by expanslon thiVue;h a turbine.  The expression f o r  ln tc raooler   e f feo t iveness  

i 6 ,  f a r  tiltills sgatom, 

e =  TS ... Ts (U5) Ta - Ta' 
The assumption i s  made that t116 precooling  turbino has t he  a m 8  adiaba t ic  

efflcienoy as t h e  mnln turbine.  711e ewresa ion  f o r  the,  over-all f1na3. tempern- 

t u r e  r a t lo  acrofla the  syston  then is 



or 

i n  terms of t he  system variables,  

-1 

i 
i 

where the term PL/Po 18 taken from equatlon (4).  I n  the derivation of equation 

(UT) it is assunea that  Pal i s  equal t o  Po, that i s ,  the  i n t e r c o o l e r  preasure 

drop is considered negligible. 

%e u n h a m  comprcs.eor pressu;’e. r a t i o  P,/P, i n  equation ( ~ 1 7 ) ,  . i e  determined. . .  

by equating  the compressor power t o  the sum of the powers of the maln and preco.oLing 

turbinee. ~118 r e ~ u l t i n g  exprecstoi-, f o r  t : ~ e  term pa/?: is 

. . . . . . . . . . . . 
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I n  the simultaneous graph ica l   so lu t ion  o f  equations 

and ( 2 9 ) ,  it 3 . ~  necessar;- t o  aBsWile v d u e e  of the mas-flow 

r a t i o  OF i n t o x o o l o r  cooling Etir t o  v e n t i l a t i n g  d r  %'/VIm 

I n  the actual c&6e, t h e  value of thls pararnctor is detormlned 

by the area of 'cle i n t e r c o o l e r   b a t - t r a n s f e r  surface and the 

over-all heat-trannfer c o e f f i c i e n t  obtained in the  cooler, 

. sinco t he  cooling; e f fec t iveness  iEi a r b i t r a r i l y  chosen. 

The p r e s m t a t i o n  of t k e  results of  the follegoing analysis. 

i n  the  form of a final systea temperature ratio ia believed to 

be the most convenient f o r n  o f  p re sen ta t ion  bccausc tempera- 

turc changes due t o  vaS.at5.on i n  altitude then do n o t  enter  

the equat ions 

Thg cooling capaci ty  of any syaten m e y  bc calculatad for 

any &sire?. f l i g h t  Ikch number and a l t i t u d e  by t h o  following 

r::e t.31 od : 

Tho mbicn t  tonpera ture  is multi21ied by the  aj.stcrn 

ten3eratuye ratio t o  obtain t h e  tom:xraturc or' the  . v e n t i l a t i n g  

air ontcr ing  thc C ; I C ~ ~ ~ U L ? C .  The d i f fe roncc  between the enclo- 

sure ambient tonlpcratwe and the en tc r ing  ventLla t ing  Bfr 

temperature ie thea the ter?pcratwo Uffcrencc a x a i l a b l e  for 

cool ing t h o  anclos-me. l:ulti_olfoatior, of tile tcmperaturo 

d i f f e rencc  by t h e  term !jcp gives the coo l ing  cegaci ty  of 

the Bystem in terms of B t x  per sccond. 
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